INTRODUCTION
The recent recognition that neurons in the rostroventral medial medulla (RVM) that project to the spinal cord may facilitate, as well as inhibit nociception (Porreca et al. 2002; Ren and Dubner 2002; Vanegas and Schaible 2004) has renewed interest in developing means to identify these different types of neurons. Two broad classification schemes have been developed. Fields and colleagues used extracellular recording methods to characterize the responses of RVM neurons to noxious stimuli in vivo and proposed that RVM neurons can be assigned to one of three functional classes, termed ON, OFF and NEUTRAL cells (Fields 2004; Fields et al. 1983; Vanegas et al. 1984) .
SEROTONERGIC cells, which may discharge regularly or irregularly, are also proposed as part of this in vivo classification scheme (Gao and Mason 2001a) . Others have used responses to iontophoretically-applied receptor agonists and antagonists as an additional means to identify these different classes (Haws et al. 1990; Heinricher and Kaplan 1991; Heinricher and McGaraughty 1998; Heinricher et al. 2001; Heinricher and Tortorici 1994) . Pan and coworkers used intracellular or whole-cell patch clamp recordings in the slice preparation and proposed that RVM neurons could be categorized as primary or secondary cells based on differences in their input resistance, afferent inputs and the differential responses of these neurons to mu or kappa opioid receptor agonists (Pan et al. 1997; Pan et al. 1990 ).
The broad classification of RVM neurons into ON, OFF and NEUTRAL cells or into primary or secondary cells belies the pharmacological and morphological complexity of this region. In addition to serotonergic neurons, the RVM contains neurons that synthesize glutamate, γ-aminobutyric acid, acetylcholine, substance P, enkephalin, or FINAL ACCEPTED VERSION JN-00883-2005.R2 5 thyrotropin-releasing hormone (Bowker et al. 1983; Finley et al. 1981; Jones et al. 1991; Menetrey and Basbaum 1987) . Although many RVM neurons project to the spinal cord (Hama et al. 1997; Skagerberg and Björklund 1985; Wang and Wessendorf 1999) , subpopulations project to other brainstem and more rostral nuclei (Clark and Proudfit 1991; Holden and Proudfit 1998; Sim and Joseph 1992; Yeomans and Proudfit 1990) .
Neurons in the RVM are also implicated in thermoregulation and in autonomic homeostasis (Mason 2001) . Given their involvement in several different physiological functions and the paucity of information about neurotransmitter phenotype and functional neuron class, it is surprising that a more comprehensive analysis of RVM neurons has not been undertaken using whole-cell patch clamp methods in the slice.
Although this preparation does not permit one to assign function to a neuron, it does enable characterization of the passive membrane properties, action potential properties, , and of primary and secondary cells to mu opioid receptor agonists (Pan et al. 1990 ). Based on their pattern of spontaneous discharge, three different types of neurons were identified within both serotonergic and non-serotonergic populations of spinally-projecting RVM neurons. These neurons differed with respect to membrane capacitance, input resistance, resting membrane potential, and action potential height.
Furthermore, the three different types of serotonergic neurons differed markedly in their responsiveness to DAMGO. Although the existence of a heterogeneous population of spinally-projecting non-serotonergic RVM neurons was expected, these data provide important new evidence for a significant heterogeneity among spinally-projecting serotonergic RVM neurons that may provide a basis for resolving the controversy concerning the role of serotonergic neurons in opioid-mediated antinociception.
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MATERIALS AND METHODS
These experiments were approved by The University of Iowa Animal Care and Use Committee, and were conducted in accordance with the guidelines of the International Association for the Study of Pain and the National Resource Council Guide for the Care and Use of Laboratory Animals.
Retrograde Labeling Of Spinally-Projecting Neurons in the RVM
Nine-to 18-day old male Sprague-Dawley rats (Charles River; Portage, IN) were anesthetized with halothane. Using aseptic methods and sterile tip technique, a midline incision was made over the T13-L2 vertebrae, and 1-2 vertebrae were removed to expose the lumbar enlargement. The dura was incised vertically and horizontally to make two flaps. A droplet of 2% lidocaine jelly was placed on the spinal cord to facilitate manipulation of the dorsal roots, and additional lidocaine jelly was swabbed over all the exposed muscle and skin edges. The most laterally situated dorsal roots were then gently teased aside dorsomedially to expose the dorsal horn and dorsolateral funiculus. The edge of the dura was pulled to slightly rotate the spinal cord and a 0.5 mm 3 pledget of sterile Gelfoam®, which had been dipped in 0.2% DiI in 100% DMSO Molecular Probes, Eugene, OR) and blotted dry, was gently tucked beside the dorsal root in juxtaposition to the dorsolateral aspect of the spinal cord on each side. The muscle and skin were closed as separate layers with 5-0 Vicryl® and 6-0 silk sutures, respectively. After s.c. injection of 0.5 ml of 5% dextrose in saline, the pup was placed in a warming chamber. After full recovery from anesthesia (~15 min) and complete hemostasis of the incision, all blood was washed from the wound edges and the pup FINAL ACCEPTED VERSION JN-00883-2005.R2 8 was returned to the dam. Pups in which placement of the pledget caused hindlimb paralysis or in which pinch of the hindpaws did not evoke a normal withdrawal response (< 10%) were excluded from the study. Morbidity was greatly decreased when pledgets were placed over more caudal lumbar segments of the spinal cord where more space was available in the vertebral canal.
Slice Preparation
Three to five days after surgery, DiI had diffused throughout the dorsoventral extent of the dorsal horn, extending for one to two segments in the rostro-caudal direction. The pups were decapitated at this time, and the brain was rapidly removed and immersed in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.2 NaH 2 PO 4 , 1.2 MgCl 2 , 2.4 CaCl 2 ; 11 dextrose, and equilibrated with 95% O 2 /5% CO 2 . The cerebellum was removed, and the brainstem block was affixed by cyanoacrylate glue to a slicing tray that was filled with ice-cold ACSF in which the concentration of MgCl 2 was increased to 5 mM and that of CaCl 2 was decreased to 1 mM. Coronal slices of 160-µm thickness were then cut through the brainstem from the trapezoid body to the inferior olivary nuclei using a vibrating microtome (Leica Microsystems; Bannockburn, IL). Sections were cut in the coronal plane because the dendrites of both serotonergic and non-serotonergic neurons in the RVM are predominantly oriented in the mediolateral plane and are more restricted in the rostrocaudal plane (Gao and Mason 1997; Potrebic and Mason 1993) . JN-00883-2005.R2 9 After equilibration in oxygenated ACSF for at least 1 h at 34°C, slices were transferred to the recording chamber and continuously perfused with oxygenated ACSF at 32-34°C (4 ml.min -1 ); a constant temperature was maintained throughout each recording. Retrogradely labeled neurons were first briefly visualized using a 40X
Recording Conditions
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water-immersion objective and epifluorescent illumination with a rhodamine filter. Figure 1A 
Immunohistochemical Procedures
At the conclusion of the recording, the brainstem slice was fixed by immersion for Neurons from which recordings were made often stained less strongly for TrpH than adjacent neurons, mostly likely due to dialysis of the intracellular contents with the contents of the patch electrode. Tryptophan hydroxylase was therefore visualized with Cy5 because this fluorophore has a higher quantum yield than either Cy2 or Cy3.
Quenching of one fluorophore by another, particularly under conditions of epifluorescence illumination, can lead to false negative conclusions about the occurrence of double-labeling. Unlike Cy3, the absorption spectrum of Cy5 does not overlap with the emission spectrum of Cy2. Thus, this combination of fluorophores was considered optimal. Although an antibody to serotonin provided good staining in fresh-cut tissue, it did not prove suitable for identification of serotonergic neurons in sections that had been subjected to the incubation and recording conditions. 
Statistical Analysis
One way-analysis of variance (ANOVA) was used to compare the passive membrane and action potential properties of the three different populations of neurons.
Where assumptions of equal variance or normality were not met, Kruskal-Wallis one-way ANOVA on ranks was used. 
RESULTS
Three General Types of RVM Neurons
Three types of RVM neurons that project to the spinal cord could be discerned on the basis of their spontaneous activity. Type 1 neurons exhibited spontaneous activity interspersed with periods of quiescence that enabled determination of their resting membrane potential ( Fig. 2A, B) . Type 2 neurons were not spontaneously active (Fig.   2C, D) . Type 3 neurons were spontaneously active, but fired repetitively in a manner that precluded determination of their resting membrane potential (Fig. 2E, F To determine whether the spontaneous activity of Type 1 and Type 3 neurons absence of these antagonists (P = 0.79, 0.76 and 0.88, respectively). These data support the idea that the different discharge patterns of RVM neurons are not a consequence of excitatory or inhibitory inputs that could persist in the slice preparation.
Bulbospinal Serotonergic and Non-Serotonergic RVM Neurons Can Be Distinguished
By Their Electrophysiological Profiles. Table 1 also compares the passive membrane and action potential properties of serotonergic and non-serotonergic neurons that project to the spinal cord. The comparison was restricted to spinally-projecting neurons so that differences in their electrophysiological properties could be attributed to differences in neurotransmitter content, rather than differences in their efferent projections. As a group, serotonergic spinally-projecting neurons had a significantly higher membrane resistance and greater action potential half-width than did non-serotonergic spinally-projecting neurons (Table   1 , Fig. 3) . The difference between the action potential threshold and AHP maximum was also larger for serotonergic Type 1 and Type 3 neurons than their non-serotonergic counterparts. Serotonergic Type 2, but not Type 1 neurons had a more negative resting membrane potential and, concordantly, a larger amplitude action potential than their non-serotonergic counterparts. Although resting membrane potential could not be determined in Type 3 neurons, serotonergic Type 3 neurons also had a larger amplitude action potential compared to non-serotonergic Type 3 neurons. Finally, fast AHPs were rarely observed in spinally-projecting serotonergic neurons (3 of 44; < 7%). In contrast, fast AHPs were observed in 47% -71% of non-serotonergic spinally-projecting neurons ( Figure 4 illustrates examples of spinally-projecting RVM neurons from which patch clamp recordings were made that were subsequently processed for TrpH immunoreactivity. DiI labeling did not withstand the immunohistochemical processing even when care was take to avoid organic solvent-based mounting media such as DPX (Baker and Reese 1993) and tissue was allowed to air-dry rather than dehydrated by alcohol (Vercelli et al. 2000) . This is attributed to the use of Triton X-100 detergent as a permeabilizing agent and NaBH 4 to reduce nonspecific staining (Elberger and Honig 1990; Holmqvist et al. 1992) . Biocytin filled the cytoplasm and labeled the nucleus.
Higher concentrations of biocytin (0.1%) or longer recording times provided for more extensive filling of proximal and distal dendrites (data not shown). Immunoreactivity for TrpH was homogeneously distributed throughout the cytoplasm, excluding the nucleus.
In some neurons, there appeared to be comparatively little dialysis of intracellular contents in that immunoreactivity for TrpH was as intense as in adjacent unrecorded neurons (Fig. 4A) . However, in other neurons, immunoreactivity for TrpH was much weaker than surrounding neurons, suggesting that substantial dialysis of contents had occurred (Fig. 4C) . In merged images, double-labeled neurons exhibited a yellow-red cytoplasm in which a green nucleus was embedded. As previously reported (Beck et al. 2004 ), the construction of serial confocal images in the Z-axis was essential for unambiguous identification of double-labeled neurons given that staining for TrpH could be weak.
All neurons for which colocalization of TrpH with biocytin could not be Figure 6 . Closer examination revealed that 7 of the 9 (77.7%) non-serotonergic Type 3 neurons that were considered to be misclassified had capacitance values ≤ 50 pF (Fig. 5A ). An 
Additional Pharmacological Evidence for Heterogeneity of Spinally-Projecting Serotonergic Neurons
The ability of 1 or 3 µM DAMGO to produce a naloxone-reversible outward current ( Fig. 7 ) was examined in a subset of spinally-projecting RVM neurons (N = 65; Table 2 ). Previous studies established that concentrations of DAMGO ≥ 1 µM are maximally effective in the locus coeruleus (Osborne and Williams 1995) or thalamus (Brunton and Charpak 1998); this observation was confirmed for the RVM (Zhang and Hammond, unpublished observations). The average peak outward current produced by 1 or 3 µM DAMGO in responsive neurons was 24.5 ± 4.2 pA (N=11) and 15.7 ± 2.0 pA (N=9) in serotonergic and non-serotonergic populations; these values did not differ (P = 0.09, t-test). Marked differences were observed in opioid responsiveness among the three types of RVM neurons (Table 2) . Slightly over half (55%, 6/11) of serotonergic Type 1 neurons responded to DAMGO with an outward current of ≥ 10 pA. Bowker et al. 1988; Hokfelt et al. 2000; Millhorn et al. 1987; Sasek et al. 1990 ).
DISCUSSION
Electrophysiological Properties Can Discriminate Serotonergic Neurons in the RVM
Heterogeneity of Spinally-Projecting RVM Neurons and Opioid Actions
The present data also provide clear evidence that mu opioid receptor agonists do not uniformly affect spinally-projecting serotonergic neurons in the RVM. Approximately The activity of Type 3 regularly firing serotonergic neurons is unaffected by bath application of mu opioid receptor agonists suggesting that they lack mu opioid receptors. Notably, the firing rate of regularly firing serotonergic neurons recorded in vivo is also unaffected when morphine is administered systemically (Gao et al. 1998 ).
Were Type 3 regularly firing serotonergic neurons subject to inhibitory GABAergic input, then systemic morphine should have increased their firing rate in vivo by disinhibition.
Collectively, these data suggest that Type 3 serotonergic neurons are unlikely to play an important role in opioid analgesia in acute pain states.
Validity of Immunohistochemical Methods in the Slice Preparation
Whole-cell recording times often exceed 20 min and can approach 60 min when studying the effects of drugs on presynaptic events or when the neuron must serve as its own control. To our knowledge, an analysis of the sensitivity and specificity of RVM neurons. Panels A, C, and E are neurons that were determined to be serotonergic based on immunohistochemical staining for TrpH. Panels B, D, and F were determined to be non-serotonergic. In Type 2 neurons, which exhibited no spontanteous activity, action potentials were evoked by injection of depolarizing current. Scale bar for panels A, B, E and F is 20 mV and 1 s. Scale bar for panels C and D is 20 mV and 100 ms. 
